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OBJECT 

1. To invest.livLi.te t. e turning, performance of airplanes 
emploi'iiit, tiifc concepts of radius of turn and aiij-ular velo- 
city 01 turn as crit.ria. 

2. To analyse Lhe results in terms of airplane desi^_n 
pai'ameters ana airplane llij Ut parameters. 

3. To consider successively steady turns in level flij^ht, 
turns in a spiral, and turns in r.ou-steady flit'it. 

4. To nuike calculations applicable to -oth propeller driven 



airplanes and tu.-’co-jet airplanes. 



T>lTrJPD CTION 



IMPORTANCE 



Fii,.fn^6r airplanes snoot their almost invar- 

iably in lur/iiu*. maneuvers. Tne turairiii performance of a 
fij^bt-r is a measure oi i',s abili^^ lo briiit, i^-s , uns to 
tear o.. its taf;.,et, 

V .eu one fit-; t'-r opposes anoU!‘,r fi^nter tm- en- 
t,a^em«nc often results in a tail cnase in circiilar fli.^ht 
resemt.lin,^ a dojj fi^,r.t. Tae turns oi both :it;hters are 
steady turns in level flit,nt or a spiral, f ese are turns 
of nearly minimum radius where trie fighter witi; t.;e maxi- 
mum ani-^tilar velocity can j^ain ti.e favorable firiii^ position 
astern ol nis opponent. 

Vinen a lit.nter opposes a uomter tr»e fi;,ht-:'" exe- 
cutes attacks in wnicn he approaches tne comber in a flight 
path duria wr ich his >^uns are always pointed sli^^p.tly ai^ead 
of the bomber. This maneuver requires ti.e fighter to ily in 
tui'ning flij^nt except tor t-.e rare cases of approach iron 
directly aheaa or astern of me bomber. Tne tiirnint' flit.ht 
of the fiiihtar is entered into from straight flij,!'t ar.a is 



a non-steady turn 
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Al'ttiOuiin otner ttitics r.ot requiring; turns &re 
possiLle wic.h wxisti:*. weapons, f.n.:! la&y be required 

weapons, t^.ese turning maneuvers nave i. uen employed 
during two World Wars and are in t^eneral favor at pre- 
sent. 

Tne analysis oi turnin, performance is, tnei’e- 
fore, necessary in det'-UTniDiitj the desif,n of fighter air- 
planes, and once uisy are built, in il;, in„ tnem to the 
beat advantage. 
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B. HISTO.-ICAL 



Althoa^h t.ae varaint, performance of airplanes 
is touched upon briefly in most general text books in 
aeronautics, the published licerature in the United States 
devoted exclusively to the subject is limited. So far as 
can be detenninsd, there is no published literature on 
non- steady tui'ns. 

The iirst, and undoubtedly the best, monograph 
on the subject was written in German by E. Salkowski and 
reprinted by the National Advisory Committee tor Aei’onau- 
tics. The concept of tne non-dimensional perfornanc© para- 
meter is developed in ti-is report, and by that means a 
systematic theoij of turning flight is built up. Salkowski 
did not answer many of the pressing questions of turning 
performance but he showed the wa.y to finding tlie answers. 

One Briuish paper on this subject was printed in 
1952, but except for this the period between wars was de- 
void of turning performance literature. During, the last 
war interest in fighter turning performance at hiLh altitudes 
was evidenced. The prospect of improving turning performance 
by the use of flaps also received some attention. 

Unfortimately for this subject, other- matters in- 
fluenced fighter design more tnan turning performance. The 
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publisned inve£>tic,ation& wtre incomplete and inconclu- 
sive. T!)«re is no eviaence o:. ileps beliu, desit,ncrd spec- 
if icall,y i'ov iiUprovem-jnt oi turning,. Flaps were dei?i£,ried 
for l<icdin,_, and take oil and only occasionally used for 
turning, . 
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SYMBOLS 




LETTER 


DEFINITION 


urnTs 


T 


Thrust of jet or propeller 


pounds 


D 


Totel dre£ of tirplune 


pounds 


L 


Total lift of airplane 


pounds 


<=L 


Lift coefficient of airplane 


— 


s 


Drag coefficient of airplane 


— 


V 


True Velocity of airplane relative 
to the air 


ft/second 


s 


Ving area of airplane 


ft^ 


V 


VeigJit oi Airplane 


pounds 


d 


Density o: elr at tt.e altitude 
under consideration 


al\igs/ft^ 


R 


Radius of curvature of the flight 
path 


ft 




Centrifugal force in the turn 


pounds 




Vector sum of CentrifUi^al force and 
weignt of airplane "Resultant Force" 


pounds 


a 


Accelleration of tne airplane along 
its flignt path 


ft/sec^ 
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LETTLR 


DFJ'INITION 


UNITS 




Angle of bunk 


radians 




Inclination of the X'li^ht path 
to the horizontal "anj^le oi' dive" 


radians 


w 


Angular velocity 


radians/ sec 


g 


Nevton's constant of proportionality 


ft/ sec^ 


B 


Ratio oi thrust to weiii^ht oi airplane. 
"Inverse Thrust Loading." 


— 


N 


Ratio of resultant force to weight of 
the airplane. "Accelleration in gravities 
milts". 


— 


P 


Power output of an en,.ine-propeller 
combination at a given altitude. 


f t-1 us/ sec 


K 


Parameters of propeiiiar driven airplauoa, 
level flitjiit. 


— 




Parameters of propeller driven airplanes, 
spiral. 


— 




Component of true velocity in the vei’tical 
direction, positive downward. 


ft/sec 




Thrust of a turbo-jet engine at a given 
altitude. 


lbs 
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ASSUMPTIOMS 

(1) T.'i I no slip or skia exists. 

(2) Tiu 1 . tnoust j-iiU di’c._, act iu s direction tr.nt.enc w the 

■‘li.-,:it pa til. 

(3) Ti-at t.i - power output o. en, ine is t e eame in a 

tur.i at ii; sirc-i, ut fli. t, all ot .er hein,^ cot;- 

SLfent. 

(4) Tc c. t tnc poln/' o: v e cirpla ne ia iaclepeadeiit ox altitude 
and velocity . 

(.) Tfj(;t t <jj-e is r.o e,*eit o. tue polar due to e/.i.ine pover. 

( ) Th: t t.. i airplane polar represents a co.itinuous lunctional 

rel tionship '.etween and C^. 

L» U 

(7) Tu' t t. ~ elevators are lar^-.- enou, ti t.o Ji..ke t. ai-pl^ne 
11,, a - aiv an; lu oi attack up to tue stall. 

(8) Tiuvt t;. th rust i,. t, pi'opollar driven airpline is in'.ersel>- 
proportional to tiie vcslocitj-. 

(9) The. ti.., thrust ia a jet airplane is inaej^snaent o; the 
velocity. 
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CHAPTER I 

Gi!,KEliAiL EC^UATIONS FO.. A STEADY 'iURN. 

The airplc-ne in l . steady turn in tnc horizontal plnne 
will be co-iSidered firsts 

Tne equations of motion ares 



T = D = ^ S lbs 



( 1 ) 



L = 1 + F ^ 



= 



■t ^ d 2 

j = 2 S Ibs 



( 2 ) 



F = n- 

c g R 



( 3 ) 



Solvin, for R 



W _ 

i a 



d 2 
5 ^ 



2 2 

— vr 



1/2 



u 

R = 2 



? s 






(I S) 



■rl 



1/2 
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These equations^ iiold ti*ue ior any type oi power pl&nt 
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CHAPTr.1 II 



PROPELLF.a DRIVEN AI-IPLAIJES IN LEVEL FLIGHT 



For £ propeller di‘lven t,lrplape 



p 

T ^ ^ lbs 



(t) 



vhei’e P is tiio power output oi tlie eaj.ine propeller coffi- 
biiU'.tion ill nnv altitude in ft - Ibs/eec 

Comtinint witij equation (1) yields 



V - 



__P 

^ s c 



1/3 



fVsec 



(7) 



= [ 






1/3 



IbB 



( 8 ) 



W 



? ~ ‘a 

p 2 ‘- 



V' 



1/3 



1/3 



(9) 



Let 



P 7? S 



V' 



1/3 



» K s non-dim: ns I on.. 1 pai'sjaeter. (10) 



Rewriting, ecjiu-tions (4) ana (5) in tsme o: equatione 



(9) and (10) 



R 



v/s 
(5 g) 




1/2 



ft 



( 11 ) 



r d 2 

LL 

v/s 



1/2 






K 



1/2 



rad/ 



sec 



( 12 ) 



From equation (11) it is seen tae t t.iu radius oj turn 
is governed oy U.e win, loading, tne «. ir density, and the 



quantity 





which may he celled the charac- 



teristic quantity lor trie anarpest turn. This character- 
istic is a function of ttie airplane polar and tr.e parameter 
K w ;ic.i is itself u function Oi. density, wing loeding, and 
power lo&din, . 



If curves of ti.c characteristic quantity vursus C.,, are 

jD 

plotted tor various values oi K tfie;,, appear as Fig. (2) 
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Since the lalnimvim R corresponda t,o tne m&ximian 

2 

I it is edv&iitafceous to i’ly at the values 



of Cp as enown by the heavy line on tne ^raph. 



The value of K wr.ioh is just sufficient to give a zero 
value of th-j chax-uctex’lstic quantity at its r.iaxlmum corree- 
ponas to the K at the absolute ceilin£.. 



It is 



C 



K 



= 0 



(13) 



K = (-^) 



1/3 



.L 

V 

■2 



D 



(U) 



So tnat tfie airplane can just maintain level flight if it 



is flown at 



Cr 3 



when K is the K of absolute ceiling. 



max. 



The maximum value of tne charucteristic quantity can be 



lound b.v dlfierentirq, it vi vh respect to and Betting the 



result oqutd to zero. 



d 

ac 



D 



K = 



44 



2 c ^ 

3 3d ^ 



'IV 



= 0 



1/2 



(13) 



(!') 



II 



Tnus es K increc.sss ' approtchea zero and ths 

Li 

asymptote of tne cux-ve oi' maximum valuv-s of ’Cl; . ciiar- 

acteristio quantity is ti^c line correepondiiq. to ' =0, 

L 

the stall point. 



As a pructicil matt^j, si..ue t:;? stall occurs in 
a wide rei.ion, lor valuas oi K above .5 tue minimum value 
of R may be considered at thi, st^ll point. When K is very 
small, at hi?.h altitudes, tte minimum radius oi turn is 
ootfainod ly flyiU;^ at an angle of attack below tiie stall 
point. 



No matter hov.- lart,e K. becomes the maximum value of 

2 

the Cfiaracteriatic quantity cantiOt exceed C- . it us, as 

Li 

K becomes lar„e aie inilueuce or power c:. the radius of 
turn tecot'jes less ana less. For lur^e values of K equa- 
tion (II) be written 



w/s 




(11a) 



So tn.. t ioi airplaues witi. lfcr,.e amounts power, 
tuft {.ener.-.l case up to tr;: critical altituae, radius of 
tun. is dependent onI> on win^ lo&d.n , 




air densit., and 
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Equa Lion (ll£.) id i limiting, case w.'iere the 
autilc oi bank approaones 90 °, 

The quickest turn, as represented by equu.tion 

( 12 ) is depenaent upon tc.t win. loadiut,, the air den- 

C ^ C 

sity ana ice characteristic quantity ^ L D 

K 

This characteristic qiwtntity is a function of K and '.he 
polar. 



The plot of toe chai*ectoristic quantity ior tne 
quickest t iru versus is shown in Kiii. 3 . 



Since the maxioum v correaponds to the maxifisUflu 
Cj c '3 

K — - -i-**-*- it is advanttit;eouB to fly at th© 

K 



veluas of Cp as siiown on the heavy line on tne {jraph. 



Tne value of K W"ich corresponds to tero rote of 
turn, or the absolute cellin,., is 



C, 



2 



t - 






- 0 



^ K 



Wfii^n yields 






1/3 



r r,3 1 

'^L 



1/3 



( 17 ) 



&3 was obtained from atniauffl radius considerations. 
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The maxjjtim rate of turn occurs when 



r o 





is a maximuia 



or when 



K 



'2<=L 6b‘"'3 

■'Tv; 



K 



= 0 



S 



V 

) 





(IS) 



Thus as K increases (3 Gj^ 



S V 



C. ‘) approaches 



zero au'i Uie asymptote ol the curve is tho line corres- 
ponding, toi 



3 S 




(19) 




( 20 ) 



vliich is tne point on the polar where 



reaches its 



maxiltuia velus 
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Tlin quickest turn io flown at aiii^les of attack 
waich approach the anti-' oi attacK. corresponding to 



As & practical aiattir, for values of K. over .5 
the maximunt value of w aitxy he considered to he at tne 



Vei'y low vi:lu88 of K vnich occur at ■ i,,h altituaes 
require & redu. tion in t. -’ aaf l^ of attack. 

Unlike radius O- turn wnich I: e comes independent of 
K fit Ifirge valvise of K, rate of auni ia always dependent 
on K. For ler,_6 K equation (1/i) t.'ecomes 




max 




r 7 

point 

Q 

D Jmax 




lA f p 3 7 1/3 

L 




y/s 



•» t ' , j.o: i -I'l-'n- ; wit 



1 



t 
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For a fixed win^i loauirif^ ana altitude K may 
be considerea an inverse iunctiou o* the actual power 
loading, wnere 



K 





( 10 ) 



Combining, equation (12a) and eqm.tion (10) 



w = 



,d.2 2 

h) g 






Rad/ 



sec 



(12b) 



wnicn holds true oiil;> lor lar^,e values of P and d. 
For most airpl&nes equcition (12b) is a 0*^00 approxi- 
mation up to ti;a critical altituue for lull throttle 
operation. 



Anfilysia ol equation (12b) snows t... t v,itt lo^d- 
inc affects rate ol turn as the inverse square wiiile 
power lot din, _ e iiecta rate ol turn only inversely. 



The quickest turn and trie Sharpest turn are flown 

at diJ Isrent rnt,>les o( attack. T-t quicJceat turn cor- 

3 

responds to the point or. t a polar' vncre is a in. x- 



imura ana t^.o Sirarpest turn to tne point on the polar 
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where reaci es its mejtimum. £iii-e tne vtlue of 
L 

C- increases 'vecy slowly wit , Icrtje cnan^^es of C., 



at en;'les of attack close to t/:i t lor C. max, Uie 

L 



is lower 



0 iax 



a.n{.Je of attack corresponcinj, to 



than that corresponding to C. max. 

L 



Velocity is inversely proportion.:.! to the cube 
root of Cjj as detemiced in equation (7). T:>r radius 



of turn is inversely proportioaed to t.e square root 



of the quantity 



1 



as dete rained in 



equation (11) ant snown in Fit,, (i). 



This mi-„ explain oat o. tecr.niques oi tne 
do^, fii,ht. A successful pilot slwa.s ilies at 
anqle ox attack corresponfint, to th- quickest turn. 

He can shoot down an opponent who attempts to acideve 
tne mirdmum radius o. t rn, oeuauae both planes will 
have the stjue raaiias of tux’n .dx-nin t- faw i'eet tut the 
onw wi.ich flies at tne an, le of attack correspondini^ 
to tne quickest turn will fl„ tn-_- lister. The pilot 
WHO flies faster will ^et into shootin,- position be- 
iiind inis opponent nno make a kill. 
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CiUFIFit III 

PnOPELL.A DhlvFW i.l ■PhAbhZ IN A TPI-AL 



A power spirf^l mt.,, te £. Uelit,; pirate m&neuver on 
tne pi.rt oT thi^ pilot, or me,../ result inadvei'tently from 
a iiii iJLy bajiked turn viui insufficient power to main- 
tain level turning. i‘li.ht. 

I-, a power spirt. 1 eCiUt.t.lon (1) ecomes 



t + V Fin Ar, = ^ SV''' C_ lOG (21) 

iJ C jJ 

w.ie.v>>. tiiv e.n le Aj^ is '.easured to ,,ive a positive sense 
downvi. rd. 



Equf t-ion {<) inclu .1 t, e at e.ts oi ti.e de- 
flei tion OI i,:*' Hi it pati. iirara t:.o norizontal Leccaes 



L = 



(V 



.03 



+ F 



l/'r 



S 11s (22) 



n., . j, - o: i.,u'.ti-a (p) i solvin. for K 



-Vs 







1 

Os- 




I 

1 

1 

I 

< 


<r 1 


,v-v 1 




i 




— f 







\ 



whei'B V„ is Mu verticfil velocit, oi ^jpscent. 
z 



Linployin^ equation (t ) uml equ. tlon {^.t) to 
equation (21) 



I SV^ C„ = T + V Bin A_ 

ic 1) L' 



P 2 

= £ 4- W — 
V V 



V = 



r p + w V 



5 S C 



D 



1/3 ft/se>. 



T + W sin Ap = P + W V 



T + V sin — 



g s c J 

2 D 



T + W sin A 



D = 



W oos A 



D 



(P + W V^) d 

*~3 3 

W coe^ Ap 



1/j 



Let 



K„ = 



(P + V vX 



3 3 

W C03 A, 



1/3 



a j[ior.~dlmt‘risio’i 1 rfi'Bl r 
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of A 



(23) aay 


be re-vrittec for 


v/s 




,d . 

(r e) 


II 

O 1 

. 1 

1 o 1 
itJ 1 




L 2 



D 






K. 



Solvirii^ for V 



ft 



(27) 



w = V = 

R 



P + V V, 






1/3 



(|«) 



C 

,2 ^ 
^ -:” 2 “ 



Vs 



w/s 



V 



r d 2 

2 « 


-1 V2 


r ^ c 2/3 1 

It ^ 


w/s 


*1 

i 


s 5 s J 



l/Z rad/sec 
(28) 



Equatione (27) and (28) ars the Bame 6t equationfc (11) 

end (12) I oi* hOflEontal flitht except th^t th© partifteter 

K haiS replaced K. irain aquation# (10) add (26) th# 

0 




1/3 




(Si 9 ) 



ratio of id R is 

3 



w;iich saovs tiu.t tiie r^tio is u iunction of tho velo- 
city of Gescenx. ci.na 'tn^2 power loidiric. 

Thia reljitionship ie plotted in Fij/ore 6. 

In e spiral the pareaioter tef.rs the same rela- 
tionsMp to the ti^rn that K does in horisontal fli/^i;t. 

Kg is always e»re t 2 ^ tnan K lor a dive ana the ratio 
01 Kg to K is a function oj. as suown in equation (i9) • 

A diving spiral, tncreforc, alwa.fe KCkes possible 
a sjiti*per f ;;i a quicker turn ti^^n can be made in level 
fli,^nt with the sfune airplane at ti.e same altitude. 

comhinia Fif. (3) and (a) with Fi*,* (h) the 
valuations in raaius oi tarn ana an,, .ul.tr velocity with 
dive or climt.:! be computed. 
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CHAPTEfl IV 

El-t-ECT OF FUP& O;. TH:. T. rising PERFOPIdANCE 
OF PROPELLr.'- DRIVEN AI'.PLAI'itS 

The efi'ect oi tn i use oi flaps on tiie turning 
periorm^ nee of s, propeller driven airpl' ne can be 
determined ty comparison oi tue polara oi tne air- 
plane in tns flaps up auci ilaps down c-ondition. 

Tne ceiling of u/.e nirplcne is aa the altitude 

wnen 



at altitudes below tn-i ceiling K is greater tn .n 
this vt.lue. 



K 




1 

] 1/3 



( 14 ) 



But if 



1 



-i 



3 1 1/3 





1/3 



1 . 
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tn . ’ i i. , if 



3 



C 



L 



> 



C 



L 



C 



n 



c 



D 



D 



T.hc ne irta ■ r c<iilin- -vi . iT .pj 




r'.j'ii iio r*-iss 



The r -Uu:' oi tu; n wi’ii fi-.ps exten l?.' will 
be nh -n ; ; ,flius oi burn wi-hiut fl&pa, if: 



‘lliv aiciu is aho'-^ in Fi,-;. (2;. A -u;"e 

similiT uo hi, . (/: ) muSv '..a compu^au for- tne i'lnp 
■'unai „i jn. 

wlr. n K is 1 i' vvixl ‘a tij^ad r.nu this is 

principall s. compA.xison of _ mnx >,s C]_^ nno 

I 

flaps v;iii ri?LV.‘a,*3 the )i ^u^'n. This 

is ^lue at low vltitudeB. 

At hl^;h iltitudes w a-n K ' o !Oi;:es small flaps 




be an advr.naa^e 



mav or ranv not 



The unfjui i: voiooi-^.,, fl.-tjy exienv!'-d vdil 

oe ^;re itoi' th »n zha ••i.nf-ul'.i' velocity v^ithout flaps 

ii', 





c 

D 




'c 2 


c ‘'6 


1 


L 


i 

K 


una.x 


K - 

r ^'Ai 


D 

K 


^ max 



The rif,. t wide is sdown in Fi^^. (5). A set of 
< urv-o rij.mil'ii’ to Fij^. (j*) mas'- •e -'ompu’^ed for the 
li-iu •onditiori. 



At i -i'go V' lu s of K fhis i-ecoineo a ■jEip aiaon of 




'7 



NOhM/iL A 



b’ 

N = -£ = 
Vi' 



Usinji eq 



N = ii 

2 v; 



c 

= K 

C 



A'^ tJie ir 



K min = 



• h ».i 



b u ^ n 



CH/iPT^2 V 

.:C^LL.:.r'AT10N IN TUHfiS 



- ^ C, V*' unit.-i” 

2 V L 



( 



a- ion (^0 V 






4 






D • 



- K 



3 



T i 



G '' 
U 



4 



( U) 



silxnf' N ~ 1 *nA K - K tain. 



L 



U/.) 






m -X 



^4' ''}.ii ' ■ - i v>’’ • 



(1'} > X:i;i iX . M .• 



V.O 



of N f^r a f’ivon v iue of K 



i;; a m iXimum. 



ocoura 



uhen 







C ? J 
D 



Thua m; ximum acce^xor r,ion do ;a not co- 
incide; wi’-.i) .'iith .-r U»o quickest or ths air rpcat 
.U’ na. Tne m xiiaum acceliei- .r.ion occurs ot '-n 
a.nj.itj of ui, ■ k lower '•Ji-tn tiv t for the quickest- 
OJ tne sharpeat :,arns. 

The .sp-'ed for Uie tn; ximum a'-'ceiler'it.ion is 
Tlr.n the speed for the a arpest for the 
qui- kest turns. 

T''.'-' v.ui -kes*. ..n-l the sh'-r oeat tu-ns do not 
pi 'ce ae maximum st3 lin upv^t; the ‘ij pi Jie. 

A skillfui pilot mr.;. , liierGi'ore, o tain m -oi- 
mum m -neuv 3 ,M ilit, from his ait pi nc v.?iih>ut su - 
jsv'tin it to ■tiia m' ximum stjoss. 

Too,' turn of m ximum norm.-.l a''ceile3hiion as 
v.eiL \s due quickeut -md sharpest ^urns for a pro- 

p-rllo: n •■-1. plane is shovfn in fi,-> It. 
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CHA?T£}5 VI 

C/\LCULATI0N3 r'OK NON-STEADY TUFNS 



If th(* 'airplane is flown froia level 
into .0 tm-n a deceiloxation will x-esult due to 
the increased dj’ig in ■’lie tuin. At the oonunenoe- 
msnt of the tujn this force c'<n he c Iculated; 



T + S a = ; S C 
8 2 D 



( 32 ) 



turn 



tho ^Oirust cnn be calculated from equation (1) 



T = - S C level 
2 D 



solving for t-he deoeileration 



a = 



7( 



d 2 
-SVC 
2 



d o 
- - S V*- C 

T) ^ D 

^ turn ' level 



( 33 ) 



from equition (2) tho following can he written 



level 



D 



L J 



d 

2 



3 V'^ C 



level 



^ level 



33 



turn 



D 



= ^ 3 c 



Li J 



tuj n 



D 



turn 



so th .t 



u = iU 



V,- lovel 



turn 



■'Irjvul 



c 

L 



1 



tUITl 



■'D 



i33t^} 



level 



l’.i om equation ( 30 ) 




1 


c 1 












c. 




,urn 


L . 


level , 



(33t) 



from equation ( 31 ) 



" 






1/3 


' Cn 




- 


_D 




turn 








L L - 


level 



(33r) 



'ihis o' ows t; t the decellej ition experienced 
'■/ ;n ai, plane .a s it i« ri:>wn into i tuj-n is a func- 
tion oni. of tlie po’rter oa..rae’,;e'^ K, the C 



.he 






a!:, wrii :a it vrix 



I'ioT/n in fli,jht 
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For Ui« calculrtf>ion oF equ'-.tion (33c) the 

values of C in level I'lidit ani in the turn can 
D 

be obtainef) from { 2 ). The C i’ot level Fli(;ht 

Lf 

will be "Jae C corresponding t.o the C of level 
L D 

fli ht and can /O obtained from the pol ..r. 
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CHAPTui}^ VII 

JET AIIxPLANES IN LEVSi FLIGHT 

Equations (4) ^nd (;>) wiii no* &Dlved Tor 



a j»*t aiT'plfine. 



Here 



T = T. 

J 

\«,er6j T. is 

J 

an<l is a 
endins is a 



Iba. 



a constant ii' tlu? enrjino is 

function of tiie air dcnsit- 
turix) jet. 



' ro 'ket 



if the 



(33) 



T. 

-i = 3 (34) 

Vthera is t-.« inversa thrust lo idinfi and 
corresponds to tne psrroneter K foi propeller driven 
airplanes. 



Equations (4) nd (5) )ecome 



P = 



w/s 



(| e) 



r 2 

Cl - Cp 



1/2 
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w = 


2 ^ 


1/2 


c ' C -1 

B -I'- D 

n 




_ y;/s 




u ^ J 



\/'c 



r’id/ 

1>QC 



( ■ 



Proceeding ns i'or the propoiler driven airplane: 



hlquation (35) ia analyzed rr- plotting the chnr- 



aottristic quantity 



C g 

^ -P. 



2 



versus C i'or 

D 



various value:! of B and is plotted in Fig. 3. 



Since t;':e minimun R corresoon^is to tJie m -.xiinum 



2 C ^ 

C, P_ it is advantageous „o 1, at the v'>lues 

L 2 ... 

B 

of Cp as shown by the heavy line on the gr 'ph. 



The value of B which is just sui’ficient to give 
a zero value to the charact‘?.vistic quantity at i^t! 
maximum corresponds to the uinimum h for flight 



2 

c/ _ _P 

L p 



2 1 



= 0 



( 37 ) 



H = 



D J 



( 38 ) 



VU 
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i>o thnt the airplane can just maintHin level 



i’lif'ht ii' it is ilown at 



D 



when P is the B 

. max 



of minlmuB flidit. 



T'--' maximum value oi t,.ie chai’ac^o: istii: quant- 
ity can ho i’oun':? by di Jforentiatin*.; it with respect 
to and settinq the resulc. equ'.l to zero. 



a 

dC 



D 



L - 



B' 



( 39 ) 



2 Cn 

2 C, C ' - - = 0 

1j ii o 

B 



B = 



D 



C, C ' 
^ L 



1/2 



TfiUO as !; increases C ' appioaches zero and 

ii 

l-Jie asymptote of the curve of mtximum values of the 
characteristic quantity is tii line corresponding^; to 



Cjt^* = 0, the stall point. 
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a prnctical matter, aince the civert 

h region, for values of '-i above .3 the minimum value 
of K may he considered at the stall. 



No matter how lar[:.e !:)ecoraes the maximum value 
of the characteriscic quantit; (tiunot exc ed C 

L 

Tuua lor lar^je values of b equation (J3) reduces to 
equation (lla) 



P. = 




ft. 



and the f) cie conditions octain ns for a propollei' 
driv',n airpi ms. 





The 


quickest 


turn as represented 


(?h) 


mn” 


he hUFily 


zed oy plot tin., its 


quantiti 


r 9 


-?D- 


versus 








B . 





values of B ini is mown in /ij. 9. 



equ'*,ti on 



cha r >.c teri s ti c 



for v'.rious 



Since the m ximum w 



mum value of 



a C 



Zk. . “B 



fly at the v-'luos of as 



cori*espondp t •> the m^xl- 
it ii5 adv ntrxg€tous to 

show on the line 



on the graph 
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The '/ tiue oT B at yu.ich th aiijjx ne juat 
maintain level fliaiit is 




'• S B 





) 



( 38 ) 



i>s vr 3 o ’t. ined from miiiiraaa radius consideratijns. 



T .e m .ximujn rattj oX r<jrn occurs when 



B -L- - _P_ 
°D 3 



is K m ximum 



or when 



ii' 



1 -^ 



D 



1/2 



2 C . C • C _ c 
Jb L D L 



Ul) 



t 
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Thua fit} b incx’caaes (2 C C, ' C 

L L D 




) H ipro’.rhes 



zoro in-i tsui aapmptote ox t<. > rurv»’ ia th • lino '‘orres- 



poniint^ t,o 



2 C 



L 



C « 

L 



"D 




('v2) 



C 



2 

D 




) 



vaoica is tiio pt-jint. on Lho pol'a whoxe 




reaches 

, 



its nnximuffi v Jlus. 

Sln<MO P is fixed for a ,,ioon ;-.ii pl-.no the eat, 

and thus the aeat angle of atc-ack for t-.e quiokest and 
the sharpest turns is fixed. These i.n^l‘. s of rtt- :k arc 

not functions a. ;-.ir density or speed. 



The radius of turn of a jer .-.irpl- ne from equition 
(35) is soon to ..e fun;: oi.-m >f van . lor.din:;, ijlti .udo, 
thrust loudiiiK, and tho oria rf the polar. For l.rge li 
tile radius of turn is a func'lm of wrng 1 )-ulin, , alti- 
tude, iHsi C, . 
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Tna ingul'ij' velac'it,. of turn o'" 'i j‘ir ;v.i’'pl'ine 
from equation (3 -) is se -n to 'r; ;■ fun ;tijn of winr 
lo tfinfc,, nitituda, thrust io .din./, an-' th- -orm of 
•±i-? polar, /'or l-’.rg-. h tlu'^ -iTif/uiar veiocit;, is f. 
function oni ’ of wing lo.'-.ding, .Ititude, thrust lo-ui- 




For .d oqu-ition (3^ ) r«'iu us to 




(3 '-) 
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GH;\PTiii’ VIII 



EFFECT OF FL/kPS ON ?H]^ TjF.NING PEPFORMANCE 

OF JET AXi PLANi'.S 

Thv, ot’fo"-t ol' t use oi flaps on turning 
perform^ n;e of the jet nirpl-.ne can bo Oeterciinocl 
b;y comparison of t'-is polors of tne airpl Jie in the 
flsps up inO riupa (iown condition. 

Tne eeiiin<. of h jet uirpl?me is r, , the alti- 
tude v^hen; 




•=<A Jvltitudes oelow tne cellin.' B is gretter than tiiis 
value. 



Put if 
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th;it is, ii 




Ti’.o airpl iHii has h hif,h" r cJilint; witii flaps 
extended t*" n wit.;; flrps r etr,.;:i^ed. Tits is rirej-y 
the e<-se. 

The T'ldius of tirn uitJ.; flaps extended will ;e 
less th .n t!ie radiu.s of turn siT,!!out fl ps, if, 




T'e riplit si'le is plotted in /iy. (3). A sat 
of '’urves simil’-.r to i'’it> (B) must e oonputed for 
tiie flapped oondiaion. 

v.r.en is large th- eomparison is prineip-illy 

one of G, vs C, .-'nd flrips will nlw.\ s de- 

^f max ^ max 

ere. se the r .dius of torn. This true low .Iti- 



tudea. 
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At hi aj-tiUidea whoro ’ ecom'ja atn'i.ll flaps 
m V .7 or m^y not bo >in Jv mt ige. 

Th'3 ’ingul ir ’.’■^looity I'l* os extended will 

■•'■e gi'o.'.tei’ th.-'.n th ; -'n^yaliit volooit; wit, 5 Ut fl ips, 



The ri(-;ht side is plotted in (■*). A set of 

curves similar to ?ig. (9) mua^- e •'omputed for tiie 
flopped condition. 

At large values of B thir reduces to a compari- 
son between 



if 





vs 




max 



uiax 






CHAPTER IX 

JET AI PLA ..c I.. A cPI AL 

Tf'K consideri. 1 .. 1 CJ 1 C o: t j e er 1 v...;.fce of t.he 
bpirijl w,.i.,n l(=aa to oqu;,tion (* 3) v.\li i :o'‘ 1 e 

jet drive., v'^irpi ne. 



w/s 



R = 



(5 6) 



2 2 



V C03 A. 



T + V sin A 



DJ 



i/2 ft 



Usin. equations (2„) ;.n>. (34) ' ^4 tolvin;^ or V 



d 2 

T + W si!: Ajp = ^ S v'" C,^ Its. 



D 



( 21 ) 



3ili Ap = 



(24) 



T = T, = WB 



1l 6 . 



( 34 ) 



T + W si.. A„ = ? S 

D ^ D 



Vz a < 

VB + V — = n S C V" 

y <- u 



/3 



- XL 



S s c 

D 




(X 



solvin,’ t,he cubic and reatrictirii, V to 60(11 values. 

z 



V = 



V B 



8 C 



D 



1/i 



ft/ 



oec 



( 4 i ) 



T + W sin A 



D 



V cos 






VB + W V 



W 



z 



= B t 



B + 



W B 

n O t, 



1/2 



“ & + V. 



r 1 

d 8 



i 



V D 



1/2 



J = B 



(a ) 



Call In, i 



1 






L 



V 

n 



/ : 



4/. 



Equation (23) becomes for the jet airplane 

w/s 



R = 



(| g) 



o 2 ^2 

-S 



1/2 ft 



B. 



itl) 



where bears the same relationship to R in b 
spiral tu.rn as B does in a horizontal turn. 

Similarly for w 



- - V _ 
w - - - - 





1/2 


r 27 

f' 


i " S. 


(| 8) 


r 2 ^0 

q ■ bT 

....S ..■tL. 



1/2 



v/s 



'd 2 1 
5 8 


1 J 2 

V 


r“ 1 

2 

B -i-- -h 


v/s 




S J 



1/2 



rad/ sec 



( 52 ) 
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CHAPT H X 
CDHCLO^IONa 

1. That Ih-t t..'.rnin;' p^i i‘o:njutnfo of irpl-.nns 
enftnf-ed in mlxitar/ m -nsuvo.: t. at full powsr rfm 
hs 'fiat deacri <od in tornu ji’ t.* ? '.•om 'Sptt jf 
aharpeat turn '-nd quirk«at. turn; ind Ui\'. tirpiane 
velocity doeo not ontrii- into ‘.iis anti, ais sin'^'e in 
iull pow«r It ia not auoj'act to iire''t con- 

trol . 



2 . Tn it tnaofi .1 ta d«uij^n oi' a i’lcht"! i''plan8 

ia oonc'‘ji’nB<; tfin^ looriin^ ->n i U'.b lift of th-. v-'ings 
are th-' factors of prinar/ importance in influonoing 
turning performance. 



3. Tha.t, povier lo .din*, o: tiu-uat loudin-i h :a a 
very minor ini’luMneo on radius of turnj uiv.l th t tt 
altituc’cj heloiir 10, )')0 feet for preaem, c!h ’ fi(,httra 
the radius of turn v.'oul-’ :e cecj’eaaed net lipi'-le 
amount by t)iQ addition of unlimited engine power. 
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4. Thut 'ingul tr velocity of turn does depend 
on power loadint^ or thrust loading as well as wing 
lo-'iding find the lift to drag chaj’acteristics of the 
wings . 

5. That th f turning performance oi airplanes 
deteriorates vfith increasing filtitudo due to the de- 
creased density of th- air reducing the lift of the 
wings Hjid power oi the engine. 

6. That the pilot influences tue turning perfonn- 
<ance of his lirplan 5 by his selection )f ngle of at- 
tack in the turn; and th t the optimum mgle of attack 
for given conditions oi powoj- or thrust loading find al- 
titude is shown in figures h’,. 3, 8, - nl 9. 

7. That the <mgl« of attack j or optimum tui’ning 
performance dij fei'S between the sharpest turn and the 
quickest turn; it also differs “'etween propeil r driven 
and jet airplanes. 

8. Tho a diving spiral makes postide a sh<arper and 
a qui^'ker turn tnan cfin be made in level fli,>ht; and that 
for a dim in;, spird the reverse is Uue. 
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9. That the effect of flapa on turning perform- 
ance can be predicted by oonpariaon of the airplane 
polars for flapped and unflapped flight. 

U. That the turn of maximum normal accellerati jn 
and force on the airplane does not coincide v;ith 
either the sharpest turn or the quickest turn but oc- 
curs at a loT/er angle of attack and a greater speed. 

11. Hiat the decelleration experienced by an air- 
plane as it is flovm from straight flight into a turn 
is a function of the power piirameter, the drag coef- 
ficient in the turn, and the lift to drag ratio at 
which it was being flown in level flight. 
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Figure 1 is a plot oi tii« parameter K versus 
Altitude ior a typical propeller driven airplane. 

Tde curve represents fli,,nt «itn tne engine at mili- 
tary power output. The area under tae curve repre- 
sents flight witd the power output oi the enj^ine 
less t!t-n military pover. The cresic in the curve 
represents the effects of two staj^e supercnart.ing. 



PARAMETER 




FIG. 1 

PARAMETER K vs ALTITUDE 
FOR 

TYPICAL PROPELLER DRIVEN AIRPLANE 
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Fifeure 2 is t plot oi' characteristic qijsnt- 
ity for the sharpest tura versus tj>e dre^, coefficient 
for a typical propeller driveu lirplijne. Cui'Ves are 
drawn for various values of the Parameter K and irom 
theta the locus oi their aiaxiiuum values has been de- 
temined. The locus indicates tne optintum flight con- 
dition for the airplane to fly at tue miuiaiun r&diuB 
of turn at any value of the pa.raraeter K. The results 
are feiveu in tenns of Cj^ and must be converted to 
angle of attack by relereace to the airplane polar. 
Unfortunately, tt*e versus an^^le of attack data on 
this airplane is not available. 

The as;!,iiiptote o.i tite locus is t.'O value oi' 
correspondirij.. to ti.e naximum value of Cj^. 

The cui'ves corrospondiu£_. to K of .85 and unliaiit^d 
K fall very close to,^etiJ-r. This snows tfsat insoft r as 
radius oi tue sharpest tx.rn is co.uerned, power beyond 
that availalle at ee^ level ru a little efiect. 



CHARACTERISTIC QUANTITY FOR SHARPEST TURN 




FIG. 2 

CHARACTERISTIC QUANTITY FOR SHARPEST TURN 

vs 

DRAG COEFFICIENT 
FOR 

TYPICAL PROPELLER DRIVEN AIRPLANE 



Fit, are 3 is a plot oi t.»e cruxracf.ristic quant- 
ity for tn« quicx.'.st t'xrn versus cue dra;. coefi’icient 
for a typical propeller driven airpl,;ne. Carves are 
drawn for various values oi t;,s ^arasietur K and irom 
ttif- locus Ou ZiAsir maximum values ns. s Leen deter- 
mined, Tne locus indicates z* e optiATi'uia ili. nt condi- 
tions lor ti e airpl- ae to fi;, at maximum ar.j;’iilar velo- 
city ol turn at any value oi tue paraj,et‘T K. Ti*e re- 
sults ai’e in tei’ms of Cj^ ana musv l e c oncerted to 

anj^le of attack by relereace to t..e airplane polar. Un- 
fortunately, ti'jc Cjj versus .un&le of attack data on tuis 
airplane is not availalle. 



Tnc aso’iJiptote oi t-c locus is 
ro&pondiu^, to tc,e uiaximum value o.. 



ti.a value o- cor- 
3 

t,ic rat'.o 



CHARACTERISTIC QUANTITY FOR QUICKEST TURN 
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FIG. 3 

CHARACTERISTIC QUANTITY FOR QUICKEST TURN VS 
DRAG COEFFICIENT FOR TYPICAL PROPELLER DRIVEN AIRPLANE 
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Flgura 4 is a plot of the aihiram radius of turn 
versus altitude for a typical propeller driven airplane. 
The solid ciirve anowe tas irelatioiiship with militarj' 
power output from tne engine. Tbs dotted cui’ve shows 
vhst would be the relationship if the power output of 
the engine were increased Without limit. Below 10|000 
feet altitude the two curves lie vei'y close togetlier. 
Engine power io of minor impcrtonee in determining the 
minimum radius of turn at altltudec below 10,000 feet. 

The asymptote of the ailitar./ power curve is 39,000 
feet altitude, the abeoluts ceiling of t.’u, actit 1 air- 
plane. The dotted curve extends indefinitely . 



MINIMUM RADIUS OF TURN, R, IN FEET 
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FIG. 4 

MINIMUM RADIUS OF TURN 
VS 

ALTITUDE 

FOR 

TYPICAL PROPELLER DRIVEN AIRPLANE 
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Fig ure 1 '/ t. plot o - .o maximum ul r velo- 
city oj' . ^rn v.i'sufc ultitJ.ia lor & t. pio? 1 propeller 
drive. y;irpl at. Fxuept or t- diiA.ontiimitieo in- 
troduced .,4 ine superci.argln , an, ulu.r velov'-ity 
nus fad almoEv lineti . elt. uiouerip v-iti' ultivrae in 
t;.e re^.ion wnero toe loc .£ c.. (riaximum& ie clotrj to 
t lO af4,/mptoce (S e Fie,-.. re 3). Vj.iji U. . loc.’;s of .max- 
imum coi'responGi, to l lovt-r value oi Gj^ ti c .a \u.r.r 
velocity arops o . rapidlv vie altitjcie £~.»,a is 2>?ro 
£u 39>dOO feet, toe atc-olute ceili.*,_. o; tr»i£ -lirpltne. 



MAXIMUM ANGULAR VELOCITY OF TURN, W, IN RADIANS PER SECOND 



0.4 5 




FIG. 5 

MAXIMUM ANGULAR VELOCITY OF TURN 

V s 

ALTITUDE 

FOR 

TYPICAL PROPELLER DRIVEN AIRPLANE 



55 



i'i^ure ' iG w plot Ox ^ V A'htio o, ote pc*raniet r 
K„ to t i-.- ptz-amstjx K vc-.rt>ua verticel veiocit. for a 
typical propeller driver, aix'plt ..c;. Tvo c.irvjs are drawn 
.,0 s.-ow Uie relc.lLoubi.ip at sec level c.nu at ft»000 f et 
altitiue wit. mill tar. power ci'tput j roji trr eu^,Iue. A 
dive is I.-., tirjcs as efl.-ctive -.od a rlimb l.t times as 
diriioiuLt at .5|0J0 i'acr altitude l..« ■. :-.t set level in 
so far £8 tue porcjneter K is co.ict'i-tied. 

From I'’i.^,ure c lua Ficures *' and 3 it can .e calcu- 
lated Ihw-t a dive of fOO itn-, p-ix- second at i'5)000 feet 
will deci-ease to-,; raaius o* Lurn iron 172? rao,. to 1550 
feet and increase t.ie un^ulac velocity o- t;rn Irorri .18 
radians por second to .20 radians per second. 
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RATIO vs VERTICAL VELOCITY, V2 FOR A TYPICAL PROPELLER 

DRIVEN AIRPLANE AT FULL THROTTLE (MILITARY POWER) 
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Flfaiii'e 7 id a plot o: tn.. p. raaieter B, tue 
Inverse thrust locilin*,, versus e.ltitjue for a typi- 
cal turto-jet airplane. The cui-ve "•■apresents xli>.lit 
with the en, i.:e ac aiilitaj'j^ pover output, 'ii’e area 
unUer tJ^.- curve x'efresents :’ll, i.t vita the power out- 
put of t:.r tn.^ine less t ailiv.ry po^er. 
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PARAMETER B vs ALTITUDE 
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i ^ 1- - i. i J-O V i c * t t*& Xf ■- ** w LX '. I ». f* L-. ti'. 

1 ex' c>.. X- t;'v. 'L ■ V B w X' '. ..L lor xi 

t.vpicul turi.o-j'; 0 > C'..ov. r ?. ,. u^xvi'- »■ ^'•. r-i0(;3 

/•t-O/'T'-O C : X/‘ . priA'CXi*-': j' ■ ti -i- "O’V* V wJX! "L. XOC -• 0 

t.'. ir rux.xi 2 iii£i vux 'it ca^ *, aeL . - lo--u.. iti- 

o_icc,te6 ii-. optiifliiS: it '.-or. oitioaf. x~c x- ■* 1 to 

Llj t c aiaiolu... rstdiue oi turn fct . viilue o. i t 
oieter B. In'i resixlti: iire ,;ivsrx in tir',- o.. C . 

Ic corxverted to t.ngle of e»tUick by reference to the &ir» 
plane polar. Unfortur.a teiy, ts. ■ v^rtiu.. -cJ--- • ' t- si 

i/ 

aata on ti.ia airpltne is not tveilidie. 

Trie ts.aciotes tn. iocuc is vtiuc of t, co- o o- 

u 

Dondiiii -o ts e mnxiauts valac' of ( , . 

* L 

Tno locxs curve l>ct 1 to orig.Li ..t t' - ..nxia <. vi iue 

of the rfa tio C- to C_. Trit corre&ponuo to ■. lov-sr . le 
L 13 

of ettaoic t.o u for tu - propeij. --r driven airpl. ne (Ft '■ re ..) 

where the locus has its oi’if.in at ttv: c.i£,ximu. i vi lue of tne 
2 

rritio C- to C... 

la V 



CHARACTERISTIC QUANTITY FOR SHARPEST TURN 
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CHARACTERISTIC QUANTITY FOR SHARPEST TURN 

vs 
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Figui’c 9 i-n u -■)i' tii ''hars-'teristi ’ 

qu'in'iT.^ i'oi the quu’k..*b^ ourn verjius fir i,; '-.iGiTi- 
cii-,nt foi pi'vii tui' —jec, ^ ii pi ;iig. Curves fire 

fir iwn I’oi 'va'ioue v>ilueu oa’ thj* ot'efiner.er H nd 
from tnera the lo-'us ol‘ 'moir m.‘.ximuia vj.Iugs has 
tieen dt-termine'’ . The locus in lic .tos th‘- o.)*’imuin 
- «'ondi'&i '.ns Tor t > rii. ji me to fi =i ; maxi- 
mum on^ulir velocity o', turn at sn, v ..lue of the 
po-r-ua ter o. T.^e r^3ul‘s fire f^lv ,n in U:r-ms of Cp 
Hivi must ho converted to an^le of alt ck .:y refer- 
en.ce .;,o t_he tirpl;tno pojt..r. Unfor tunatoi, , the 
versus .'ingle of attack <l;.t... on this 'jIt ol ne i.s not 
avriilu!.le. 



The .'isyraptot of th- io '^us is the v lue of Cj^ 

2 

coi respon tin ; ;.o the m-ixiraum value oi the rati-o Cj^ 
to Cjj. Hie or i(fin of th-r xorua Ls u\. the value of 
to Cq, The rojfion of maximum for quickost turn 
of a turbo-j -t airplfine is smaller than tn*\t for a 
propellei- driven .irplnne (Figure 3). 



CHARACTERISTIC QUANTITY FOR QUICKEST TURN 
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Fi-Li'-f'® 10 s ;ows h t., pi-_l propt 11 r driven 
airpli./:- at se., level il„ irit, i; . &;:£rp8tt f u'n, 
tr.e quiciceet turn, anu turn witn ti.u ma>.lmum 
accslleration. Data on radius oi ’vni, nu vlf^r 
velocity Oi turn, true velocitj', uud norm. 1 accel- 
leration for eacn turn is <,iven. 7 advi.ntae®s 
of flyin^ at a i.i f> tn;.le of atoa -. k a.ra s.-ovn to 
,..e snorter radius oi turn, ive^tec :.n;_.ul.‘ r velo- 
city and reduced norcicl atcelleraticn. 




FIG. 10 

THREE TURNS AT SEA LEVEL 
FOR 
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